In the present article, a new system architecture for the next generation of satellite communication (SatComs) is presented. The key concept lies in the collaboration between multibeam satellites that share one orbital position. Multi-satellite constellations in unique orbital slots offer gradual deployment to cover unpredictable traffic patterns and redundancy to hardware failure advantages. They are also of high relevance during the satellite replacement phases or necessitated by constraints in the maximum communications payload that a single satellite can bear. In this context, the potential gains of advanced architectures, that is architectures enabled by the general class of cooperative and cognitive techniques, are exhibited via a simple paradigm. More specifically, the scenario presented herein, involves two co-existing multibeam satellites which illuminate overlapping coverage areas. Based on this scenario, specific types of cooperative and cognitive techniques are herein considered as candidate technologies that can boost the performance of multibeam satellite constellations. These techniques are compared to conventional frequency splitting configurations in terms of three different criteria, namely the spectral efficiency, the power efficiency and the fairness. Consequently, insightful guidelines for the design of future high throughput constellations of multibeam satellites are given.
seems inevitable. Multibeam satellite systems that reuse the available spectrum have already managed to provide broadband services, facilitated by the second generation of satellite standards [1] . For instance, Viasat1 [2] can deliver up to 110 Gbps of total throughput over the coverage. A new generation of multibeam systems that still reuse frequency in a conventional manner is expected by 2016 [2] . Nevertheless, as the most recent extensions of SatCom standards have shown [3] , there is only as much as one can achieve with fractional frequency reuse and conventional payloads. Therefore, satellite manufactures are exploring novel system architectures [4] that can match the expected demand.
B. Multibeam SatComs: beyond SoA.
Advanced satellite system architectures, able to meet the highly increasing demand for throughput and close the digital divide are of high relevance nowadays. In this direction, the investigation of aggressive frequency reuse methods comes into play. The term aggressive frequency reuse, refers to operating a fractional reuse system, such as a multibeam satellite system, with very low frequency reuse factors. In the extreme case of full frequency reuse, all available bandwidth is allocated to all beams, leading to a reuse factor of one and a high level of co-channel interferences. Such configurations are enabled by the spatial degrees of freedom offered by the multibeam antenna. To fully exploit this spatial separation, advanced signal processing techniques, namely precoding, constitute a substantial interference mitigation resource [5] - [7] . As a result, the scarce user link bandwidth can be efficiently utilized by higher frequency reuse schemes. The most recent results on aggressive frequency reuse multibeam satellites can be found in [8] and the references therein.
Taking the above concept a step further, aggressive frequency reuse can come into play between physically separated satellites [9] . The term dual multibeam satellites, will hereafter refer to satellites bearing multibeam communications payloads compatible with aggressive frequency reuse configurations, that share one orbital position. Under the assumption of information exchange between the different gateways (GWs) that serve each satellite, advanced interference mitigation techniques can come into play. The techniques considered in the present work can be classified in the general class of cooperative and cognitive methods. Prior to introducing these techniques, the motivation behind dual multibeam satellite scenarios is given.
C. Satellite Co-location
The herein examined dual satellite paradigm constitutes an instance of a constellation of multiple satellites, co-located in a single orbital slot. Satellite co-location was pioneered by SES with the Astra March 25, 2015 DRAFT
19.2 • E system for the delivery of broadcasting services [10] . The reasoning behind this proven concept and its extension to multibeam satellite architectures is summarized by the following points:
• Orbital slot Congestion: In the evolution of geostationary (GEO) satellite systems, orbital slots are becoming a scarce resource. To address this uprising problem, the deployment of more than one multibeam satellites, in one orbital position becomes relevant.
• Traffic Demand: The operational lifetime of a multibeam satellite spans over a period of more than fifteen years. It is therefore probable that unpredictable changes in the traffic demand might dictate the launch of secondary satellites to support existing ones. The opportunity to place such satellites in the same orbital slot, is considered as a great asset for the satellite operator. What is more, and even if traffic demand is well predicted, the gradual deployment offered by a multi-satellite system reduces the upfront investment and the operational cost, thus providing higher flexibility to the operator.
• Payload Complexity: Aggressive frequency reuse increases the communication payload size since a single high power amplifier (HPA) cannot be shared by multiple beams [8] . Hence, the payload required to drive a large number of beams that cover large regions (e.g. pan-European coverage) can be carried by multiple co-existing satellites.
• Redundancy: Hardware redundancy to guarantee uninterrupted service delivery in case of malfunctions is of high importance for SatComs. The co-location of separate platforms in a single orbital slot reduces the individual payload requirements, thus allowing for redundant equipment to be carried for the cases of failure. More importantly, redundancy can be offered between the co-located satellites.
• A priory co-location: Last but not least, long periods of coexisting satellites appear by default during the satellite replacement phase. This a priori co-location can be exploited towards increasing the system capacity.
Based on the above arguments, this work attempts to determine the most promising, with respect to specific performance metrics, method to enable the cooperation of multibeam satellites, co-located in a unique orbital slot. In the following section, the dual satellite paradigm, an instance of a multibeam satellite constellation, is formulated. 
A. Conventional frequency splitting
The simplest way to facilitate satellite co-location requires no added complexity and is illustrated in Fig. 1 (a) . In this scenario, the total available bandwidth of the forward link is divided into two equal segments. Further on, this bandwidth is divided into N c segments, where the parameter N c is the frequency reuse factor. The total gain in terms of frequency reuse obtained by using a multibeam satellite depends on the frequency reuse factor. As the value of N c decreases, the available bandwidth per beam increases, at the expense however, of increased co-channel interference. Remembering the Shannon formula, the capacity scales linearly with the bandwidth and in logarithmic fashion with the signal to interference
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B. Cooperation
A cooperative dual satellite system refers to two satellites bearing aggressive frequency multibeam communications payloads, that are fed by fully interconnected and synchronized on a symbol level GWs.
Under these assumptions, advanced signal processing techniques, namely linear precoding, can be applied and the two transmitters will ideally behave as one large satellite that bears the equivalent payload of the two platforms as depicted in Fig. 1 (b) . This fact, greatly increases the available degrees of freedom thus maximizing the potential gains of such systems. However, the stringent demand of synchronization between two physically separated satellites renders such a scenario highly challenging. Despite this, it is herein considered as an upper bound of the presented techniques. To avoid a highly complex architecture, partial cooperation is proposed in the following.
C. Coordination
A simplest approach is the partial cooperation, hereafter referred to as coordination, between the two coexisting transmitters, as shown in Fig. 1 (c). In this manner, the total system performance can be increased while maintaining system complexity at moderate levels. The term coordination implies a relaxation in the synchronization and the data exchange requirements. More specifically, coordination involves the exchange of a smaller amount of data, namely channel state information (CSI) and does not require the joint processing of signals between the two GWs. Therefore, it trades-off the high gains of inter-system cooperation for a reduced implementation complexity. After the exchange of CSI, each satellite serves only a set of users. Hence, the signals transmitted by each satellite do not need to be synchronized on the symbol level. More details on the algorithm to determine the user allocation to each satellite will be provided in the respective sections.
D. Cognition
Cognitive communications are considered a promising tool to address the spectrum scarcity problem caused by spectrum segmentation and current static frequency allocation policies [11] . Several Cognitive Radio (CR) techniques have been proposed in the literature in order to allow the coexistence of cognitive systems with the licensed primary systems. The most common cognitive techniques can be categorized into interweave or Spectrum Sensing (SS), underlay, overlay and Database (DB) related techniques. In SS only techniques, Secondary Users (SUs) are allowed to transmit whenever Primary Users (PUs) do not use a specific band, whereas in underlay techniques, SUs are allowed to transmit as long as they meet the interference constraint of the PUs. Overlay networks are characterized by the mitigation of interference with the help of advanced coding and transmission strategies at the cognitive transmitters while in the DB scenarios, cognitive terminals query the predefined DB in order to find the unoccupied frequency bands and utilize them. The potential of CR in terrestrial systems has aspired the concept of cognitive SatComs. In the field of cognitive SatComs, the main related literature can be found in [15] and the references therein. Despite the fact that cognition has also been assessed for the coexistence of satellite and terrestrial systems, the present work will only focus on the cognition between satellite systems. Consequently, possible conflicts of interest between satellite and terrestrial providers over the scarce spectrum are avoided.
In this article, the technical aspects coordinated dual satellite systems are over-viewed in Sec. III.
Next, Sec. IV presents a simple cognitive techniques that will be considered herein. Following this, the two approaches are numerically compared in Sec. V. Finally, the challenges for the application of such architectures are described in Sec. VI.
III. COORDINATED CONSTELLATIONS
The focus of this work will be limited to coordinated dual multibeam satellites that employ linear precoding and user scheduling to enable dual multibeam co-location. In the multiuser multiple input single output (MU MISO) literature, precoding is an interference precancelation technique that exploits the spatial degrees of freedom offered by the multiple transmit antennas to serve multiple single antenna users. Multiuser interferences are canceled by multiplying the transmit signals by precoding vectors.
Thus equivalent interference free channels are created by the transmitter. However, full knowledge of the channel is necessary at the transmitter. The focus is on the MU MISO broadcast channel (BC). In the full frequency reuse scenario of Fig. 1 (c) , interferences from the adjacent satellite are limiting the system, while intra-satellite multiuser interferences are completely mitigated by linearly precoding the transmitted signals in satellite. Simple zero forcing (ZF) precoding methods with per-antenna power constraints are considered herein [9] .
The coordinated dual satellite concept assumes that the two satellites can serve a joint pool of available users. The CSI of each user and its data is readily available to both GWs serving each satellite. However, based on the CSI, in each satellite a different set of users is allocated. Therefore, at each transmission 
A. User Selection and Allocation
As proven in [12] , user selection can significantly improve the performance of ZF in an individual system. Therefore, the performance of each satellite separately is optimized by constructing a semiorthogonal user group from a pool of users according to the Semi-orthogonal User Selection (SUS) algorithm of [12] . However, considering the coexistence of two separate transmitters, as is the case in a dual satellite system, the problem of high intersatellite interferences arises. The main constraint is that the exact calculation of the level of interferences in each iteration is not possible since the exact user set is still undetermined. However, based on a basic advantage of ZF beamforming, which is the decoupled nature of the precoder design and the power allocation optimization problems, an approximation of the interferences can be made [9] . To the end of managing the inter-satellite interferences, a novel algorithm that selects users and allocates them to each satellite has been proposed in [9] . This algorithm accounts for the effects of the interferences between the two satellites, and is hereafter described.
The Semi-orthogonal Interference aware User Allocation (SIUA) algorithm of [9] , improves the performance of each satellite and of the overall system, simultaneously. The first is achieved by maximizing the orthogonality between users allocated in the same set, hence optimizing the ZF performance, whilst the second by minimizing the level of interferences between the two sets. Consequently, the SIUA algorithm finds the most orthogonal users that at the same time receive and induce the least possible interferences.
This algorithm, requires knowledge of the CSI of all users. Therefore, each GW handles only the data of the users allocated to the corresponding satellite and thus the amount of data that needs to be exchanged is reduced.
IV. COGNITIVE CONSTELLATIONS
Although the cognitive radio literature is quite mature in the terrestrial context, the application of cognition in SatCom systems is still in its infancy. Satellite systems operating in same or different orbits can be employed to provide different satellite services over the overlapping coverage area using the same frequency resources. One satellite system can be assumed to be primary and to have priority over the shared spectrum while another satellite system operates in a secondary way by providing sufficient protection to the existing licensed users. Several dual satellite co-location scenarios may exist in future SatCom networks and can be categorized on the basis of (i) operating frequency, (ii) operating mode, (iii) operators' ownership, (iv) coverage type, and (v) satellite orbit. Depending on the scenario, several techniques such as cognitive interference alignment, spectrum sensing, cognitive beam-hopping, power control, exclusion zone, etc. have been identified in the SatComs related literature [13] . Herein, the focus will be limited to cognitive beam-hopping. For the cognitive architecture of Fig. 1 (d) , the primary satellite generates large beams over the coverage while the secondary deploys smaller ones over the same coverage area.
A. Cognitive Beamhopping System
The term beamhopping refers to a system in which a portion of the total beams are simultaneously active with a regular repetition pattern [14] . This technique applies a regular time window periodically and thus allows for the entire available bandwidth to be allocated to each illuminated beam. The duration for each illuminated beam should be selected to satisfy the user transmission delay requirement. In more detail, the cognitive beamhopping system originally proposed in [15] is herein considered. Based on this
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The primary and secondary transmissions can be synchronized with the help of the timing information the primary satellite provides. Moreover, the cognitive beamhopping with the power allocation method proposed in [15] is also considered.
The comparison of the techniques to determine the optimal in a system throughput, fairness and energy efficiency sense, technique follows.
V. PERFORMANCE COMPARISON
A baseband block fading model, as described in [7] , models the satellite antenna radiation pattern, the 
A. Spectral Efficiency
In the present section, the performance evaluation and comparison of cooperative and cognitive dual satellite systems is performed in terms of spectral efficiency (bits/sec/Hz). For a proper comparison, the same total power budget is employed in the different architectures. curves of the coordinated dual satellite and cognitive beamhopping (without power control) systems at the value of P tot = 22.5 dBW. Also, at this value, all considered methods perform no worst than the conventional systems. Consequently, this value will serve herein as a threshold for the choice of the most beneficial from a SE perspective, technique. as well as a point at which the techniques can be compared with respect to other criteria. Finally, The MU MIMO channel capacity curve is also plotted in Fig. 2 .
Clearly, it can be noted that in the lower power region, the performance gap from the channel capacity of the cognitive methods is reduced. However, coordination manages to maintain a smaller to the theoretical upper bound gap than the other techniques, in the high power region. 
B. Instantaneous Fairness
Increased skepticism over spectrally efficient multibeam satellites stems from the effects of such configurations on the fairness of the system. The goal of the methods considered herein, is to increase the total throughput via aggressive frequency reuse. The present section aims at capturing and quantifying the effects of the proposed methods on the instantaneous fairness. However, it should be stress that the long term, average fairness can be guaranteed by proper user scheduling, which will remain out of the scope of the present work.
Amongst various methods to depict whether the rates are equally distributed over the users in wireless networks [16] , herein, we apply Jain's fairness index [15] . When this index is equal to one, then all users are treated equally. The Jain's index for all approaches and for a total power budget of P tot = 22.5 dBW is given in Tab. II. This is the point where the proposed methods perform equally or better than the conventional in terms of SE (cf. Fig. 2) . Intuitively, the fairness reduction of the proposed systems is expected, based on the well known fairness versus sum rate tradeoff in multiuser systems. Clearly, the proposed methods greatly reduce the system fairness, as seen in Tab. II. This is the price paid for more than 30% of SE gains over conventional approaches. Between the proposed methods, however, the highest fairness is achieved by cognitive beamhopping without power control, since for the same system sum rate, a fairness index of more than 0.25 is attained. By introducing power control, a 5% reduction in the fairness index is noted.
Moreover, to provide a more concrete illustration of the fairness criterion, Fig. 3 presents the Cumulative Distribution Function (CDF) curves of the per user SEs provided by each of the considered schemes again at the value of P tot = 22.5 dBW. In this figure, the very low rate variance of conventional systems is again clear. Also, cognitive beamhopping without power control provides better user fairness than the coordinated methods. Nevertheless, the coordinated dual satellite system achieves more than double rates, at the expense of driving almost 65% of the users to the unavailability region. At this point, it should be 
C. Power Efficiency
Finally, in Fig. 4 , the Power Efficiency (PE) versus the total power budget for the considered schemes is plotted. The power efficiency for each scheme is obtained by dividing the SE (cf. Fig. 2 ) by the total amount of the consumed power. From this figure, it is clear how the power efficiency of the coordinated dual satellite system is better than all other schemes at higher values of P tot , i.e. above P tot = 17 dBW.
In the lower power regime, cognitive beamhopping with power control manages to outperform all other realizable schemes. Actually, it is almost as efficient as the optimal cooperative system that serves as an upper bound. This result renders the cognitive beamhopping scheme with power control as the most promising approach for low rate, power efficient designs. This intuitive concept manages to approach 
VI. CHALLENGES AND WAY FORWARD

A. Performance vs Complexity Tradeoffs
Despite the fact that the technology readiness level (TRL) of aggressive frequency reuse configurations, is considered high, especially with the introduction of low mass HPAs, the important issue to enable the methods considered herein is the CSI that needs to be readily available at all GWs. Channel acquisition and synchronization methods, based on the recommendations of the latest DVB guidelines (see Annex E of [3] ) are part of future work. In terms of synchronization, coordination relaxes the constraint of symbol level synchronization between the two physically separated satellites, during transmission. However, user scheduling needs to be performed in a joint an synchronized manner. The proposed SIUA, can be executed in a centralized location or run in parallel at the GWs that share CSI.
In the intuitive, cognitive beamhopping scenario, the payload complexity remains low and no signal processing is required at each satellite either. Since a subset of the total beams is simultaneously active, the payload requirements in terms of HPAs are less. Thus, such a technique helps to reduce the number of amplifiers on board as well as the power demands on the payloads. However, advanced switching multiplexers are required to support the beamhopping operations. Also, the multibeam pattern of the secondary satellite is much denser, which implies an added payload complexity. The size of each smaller beam is also limited by wave diffraction rules. In terms of GW interconnection, the cognition is achieved by sharing the beamhopping pattern and the timing information of the primary satellite to the secondary system. This is achieved by a signalling link from the primary GW towards the secondary. Hence, the connectivity requirements between the GWs are less compared to the coordinated case, since a one directional link needs to be implemented (cf. Figs. 1 (c) and (d) ).
Based on this complexity discussion, the increased performance of the more complex coordinated techniques is justified. This complexity versus performance tradeoff proves that cooperative and cognitive techniques are complementary to each other and constitute a substantial tool for the design of future SatComs.
B. Main challenges in realizing dual satellite systems
A helpful step towards the realization of the innovative satellite system architectures, is their acceptance from standardization bodies. Despite the fact that coordinated and cognitive satellite constellations are not mature in terms of TRL, the road to their standardization in the next generation of DVB satellite standards needs to be predefined. Following the example of advanced interference mitigation techniques for SatComs [8] , which have been included in [3] , several practical constraints first need to be incorporated. By establishing practical ways to solve the framing constraints, the channel acquisition problem as well as other inherent satellite channel impairments (e.g. non-linearities of the on-board amplifiers), the acceptance by the standardization bodies will be facilitated. In the same manner, although cognitive satellite related standards are also being realized, e.g. [17] , the satellite co-location scenario has yet to be considered. Still, by accounting the potentially high gains at considerably low costs, especially when multibeam satellite constellations will be readily available, this road appears to be worth following.
VII. CONCLUSIONS
In the present article, a simple paradigm that substantiates the deployment of cooperative and cognitive architectures in the next generation of satellite communications is given. On the basis of the dual satellite scenario, when the design aims to enhance the overall system throughput, the coordinated and cognitive schemes can be alternated, based on the available on-board power. As a rule of the thumb, if the power budget is sufficient, then interference limits the system and thus coordinated systems are the way forward.
On the other hand, in power limited systems, the cognitive approaches should be preferred. In terms of 
